2 3 Models predicting disease transmission are a vital tool in the control of mosquito populations and 2 4 3 1 temperature-trait relationships estimated based on daily rates versus directly observed lifetime 3 2 values. Incorporating these temperature-trait relationships into an expression governing 3 3 transmission suitability, relative R 0 (T), model resulted in minor differences in the breadth of 3 4 suitable temperatures for Plasmodium falciparum transmission between the two models 3 5 constructed from only An. stephensi trait data, but a substantial increase in breadth compared to a 3 6 previously published model consisting of trait data from multiple mosquito species. Overall this 3 7 work highlights the importance of considering how mosquito trait values vary with mosquito age 3 8 and mosquito species when generating temperature-based environmental suitability predictions 3 9 of transmission. 4 0 Introduction 4 3 Despite the progress of global malaria elimination programs in reducing the incidence of 4 4 human malaria, particularly Plasmodium falciparum, malaria remains a leading cause of 4 5 morbidity and mortality among infectious diseases (1). The occurrence of multi-class drug and 4 6 insecticide resistance, in addition to alterations in mosquito behavior, challenge our ability to 4 7 eradicate malaria and poses the possibility of resurgence (1-6). While numerous environmental 4 8 factors affect the distribution and prevalence of mosquito-borne diseases, temperature is one of 4 9 7 2 temperatures in northern latitudes become more permissive and suitable seasons extend (24, 32, 7 3 49).
An. stephensi mosquitoes were reared as described in SI_Methods. The life history 1 0 9 experiment was initiated three days after adult emergence to permit mating. After they were 1 1 0 presented with an initial blood meal for 15 minutes via a water-jacketed membrane feeder we 1 1 1 randomly distributed 30 host-seeking females into individual cages (16 oz. paper cup with mesh 1 1 2 top) to one of six constant temperature treatments (16°C, 20°C, 24°C, 28°C, 32°C, 36°C ± 0.5°C, 1 1 3 80% ± 5 RH, and 12L:12D photoperiod). Each individual adult cage contained an oviposition 1 1 4 site: a small petri dish that secured to the bottom of the housing, containing cotton balls to retain 1 1 5 liquid, overlaid with a filter paper for easy egg removal and counting. Individual mosquitoes 1 1 6
were offered a blood meal for 15 min each day. An individual was scored as having taken a 1 1 7 blood meal through visual verification of the abdomen immediately after the feeding period. Oviposition sites were rehydrated and checked for the presence of eggs daily. We followed 1 1 9 populations of individual females in each temperature treatment until all mosquitoes had died or 1 2 0 when less than 7% of the starting population remained. At least two biological replicates were 1 2 1 performed at each temperature (n= 30 per temperature; total n= 390 individuals). Given the 1 2 2 extended duration of these experiments (~60 days), multiple blood donors were used throughout 1 2 3 each experimental replicate. All statistical analyses were performed using the program R (version 3.4.1). We used 1 2 6 generalized linear mixed models (GLMM) R package <lme4::glmer()> to estimate the effects of 1 2 7 temperature, mosquito age, and their interaction on the proportion of females that imbibed blood 1 2 8 on a given day (i.e., the number of females that took a blood meal on a given day out of the total 1 2 9 number of females alive on that day for each temperature treatment) and the mean daily egg 1 3 0 production (i.e., the number of eggs laid on a given day divided by the total number of females 1 3 1 alive on that day in a given temperature treatment) (56). Temperature, age, and their interaction 1 3 2 were included as fixed effects. Both temperature and age were included as continuous variables 1 3 3 that were scaled and centered. Random factors initially included block, blood donor, and 1 3 4 mosquito individual as categorical variables. We used minimum AIC values to compare and 1 3 5 select our final models (SI_Table 1, SI_Table 2). Second, we used a Log-rank test with R with temperature (57). Lastly, to determine if the daily survival rate changed across the lifespan 1 3 8 of the mosquito, we fit a variety of survival distributions, which allow either for a constant 1 3 9 (exponential) or variable daily mortality rate (log-normal, gamma, Gompertz, and Weibull) with 1 4 0 R package <flexsurv> to the Kaplan-Meier estimates (58) . AIC values were used to determine 1 4 1 survival distribution fits. In addition, the best fitting distributions (minimum AIC) were 1 4 2 determined at each temperature treatment separately to confirm the best-fitting survival 1 4 3 distribution did not vary with temperature treatment (SI_Table 3). We used a temperature-dependent R 0 framework parameterized from the An. stephensi-P. 1 4 6 falciparum system to 1) compare predicted environmental suitability for malaria transmission to 1 4 7 a previous R 0 (T) model that aimed to describe the An. gambiae -P. falciparum system but 1 4 8 probability of survival. These results suggest that estimates of these life history traits 3 4 0 characterized during a finite portion of a mosquito's lifespan may be imprecise (24, 31, 32 Research across a diversity of ectothermic organisms demonstrates that age and 3 5 0 temperature both affect development, survival, and reproduction (50-53). In mosquitoes, limited 3 5 1 evidence suggests that mosquitoes experience age-related changes in cuticular hydrocarbons, 3 5 2 immune function, flight activity, insecticide resistance, biting rates, and survival (61-72). In this 3 5 3 study, we observed a decrease in the proportion of females imbibing a blood meal and daily egg 3 5 4 production in older An. stephensi. For both the proportion of females imbibing blood and 3 5 5 survival, the rate of decline occurred faster at increasingly warmer temperatures. Previous work 3 5 6 with An. gambiae showed an increase in the daily biting rate with age, which is in contrast to our 3 5 7 findings (55). It remains unclear whether this is outcome is due to differences in senescence, conditions. Finally, the daily egg production for An. stephensi displayed a unimodal relationship 3 6 0 with age, where daily egg production increased to a peak before declining. The time to reach 3 6 1 peak values and the subsequent decline occurred earlier in mosquitoes housed at warmer 3 6 2 temperatures.
6 3
The temperature-sensitive age-dependent mortality rates for mosquito populations are 3 6 4 concordant with previous work in laboratory and limited field studies (51, 73, 74) . While there is 3 6 5 some evidence that long-lived An. gambiae cohorts can occur in the field, it is generally assumed 3 6 6 that mosquitoes have shorter lifespans in the field than typically observed in controlled 3 6 7 laboratory settings (75, 76), and the same may be true for An. stephensi. Thus, whether due to the logistical difficulties of accurately aging mosquitoes, conducting mark-recapture 3 7 0 studies, and controlling for temperature in variable environments (51). Using direct measurements of an individual's biting rate, lifetime fecundity, and lifespan 3 7 2 instead of common approaches to estimate these traits from truncated portions of a mosquito's life (e.g., first gonotrophic cycle only) yielded quantitatively, and in some cases qualitatively, 3 7 4 different temperature-trait relationships. Our results suggest that previous approaches used to 3 7 5 estimate these life history traits in the literature underestimate values for these traits across most temperatures. This could have important ramifications for predicting mosquito population infectious (51, 52, 77) . More effort is needed in measuring both lifespan and age-associated changes in life history traits under field settings for important mosquito disease vectors. By using a temperature-dependent R 0 model framework we were able to explore how 3 8 4 model parameterization of trait data (estimated vs. observed) influenced the temperature 3 8 5 suitability for P. falciparum transmission. While there were substantial quantitative differences 3 8 6 between directly measured versus estimated lifetime trait values along with qualitative 3 8 7 differences in shape of the temperature-dependent functions for biting rate and lifetime egg 3 8 8 production, we observed only very subtle differences in the predicted effects of temperature on An. stephensi lifetime models (Figure 2d, Figure 3 ). With the relative R 0 approach, absolute 3 9 1 differences in predicted temperature-trait and temperature-transmission relationships are masked. One potential ramification of ignoring absolute differences across temperature-trait relationships 3 9 3 is that we cannot account for variation in the intensity of malaria transmission with temperature whether the temperature-lifespan relationship was parameterized from estimated or directly 3 9 7 observed values (Figure 2) . These results suggest that predictions of seasonal prevalence could 3 9 8 be improved in a modelling framework that incorporates the age-structure of mosquito Additionally, while our An. stephensi estimated model was sensitive to lifespan, our An. suitability at warmer temperatures could be due to differences in physiological constraints of the 4 1 9 mosquito vectors investigated. An. stephensi may be selected for higher temperature tolerance, as 4 2 0 it is found in urban areas in Asia. Thus, due to its geographical location and the urban 'heat-4 2 1 island effect,' this species inhabits warmer areas on average than that of the more rural An. relationship relative to the Multi-species estimated model (Figure 2d) (31) . In order to further 4 2 8 refine temperature suitability predictions for the effective use in vector control and to optimally 4 2 9 inform public health strategies there is a strong need for additional research on temperature 4 3 0 effects on the basic biology of disease vectors such as mosquitoes. temperatures, as well as fluctuations in vector and host densities or disease states (e.g., 4 3 6 susceptible, exposed, infectious, recovered). However, here we demonstrate that the predicted 4 3 7 thermal suitability for endemic malaria transmission in Southeast Asia is more substantial than ways not captured using the relative R 0 (T) approach. This work highlights the importance of 4 4 5
integrating data specific to a disease system of interest and underscores the need for more basic 4 4 6 research in the field to improve the accuracy of mechanistic transmission models. Marta Shocket for deriving the derivates used in the sensitivity analyses for both the An. blood, is the defined as the total number of females who took a blood meal on a given day over 4 6 4 the total number of females alive on that day. Daily egg production is defined as the total number 4 6 5 of eggs laid on a given day over the total number of female alive on that day. In c, Kaplan-Meier An. stephensi lifetime model only. . 
